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ABSTRACT
We consider black hole formation in failed supernovae when a dense circumstellar medium (CSM)
erupted by the massive star progenitor is present. By utilizing hydrodynamical simulations, we calcu-
late the mass ejection of blue supergiants and Wolf-Rayet stars in the collapsing phase and the radiative
shock occurring between the ejecta and the ambient CSM. We find that the resultant emission is redder
and dimmer than normal supernovae (bolometric luminosity of ∼ 1040 erg s−1, effective temperature
of ∼ 5× 103 K, and timescale of 10–100 days) and shows a characteristic power-law decay, which may
comprise a fraction of intermediate luminosity red transients (ILRTs) including AT 2017be. In addition
to searching for the progenitor star in the archival data, we encourage X-ray follow-up observations of
such ILRTs ∼ 1-10 yr after the collapse, targeting the fallback accretion disk.
Keywords: black holes — high energy astrophysics, transient sources — high energy astrophysics
1. INTRODUCTION
Since the first findings of a black hole (BH) accreting
matter from a companion star, a few tens of stellar-mass
BHs residing in the Galaxy were discovered mainly by
X-ray observations (e.g. Remillard & McClintock 2006).
The recent detections of gravitational waves from merg-
ers of two stellar-mass BHs (Abbott et al. 2019) have
opened a new probe for finding many BHs beyond our
Galaxy. The origin of these stellar-mass BHs is contin-
uously of interest.
The main channel of forming these BHs is considered
to be from the gravitational collapse of massive stars.
Numerical studies agree that a progenitor with a more
compact inner core more likely fails to revive the bounce
shock (e.g. O’Connor & Ott 2011). These failed super-
novae will be observed as massive stars suddenly van-
ishing upon BH formation, but the complete picture of
their observational signatures is not known. Previous
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studies imply that the outcome depends on the angu-
lar momentum of the collapsing star. Failed supernovae
from stars with moderate or rapid rotation are expected
to form accretion disks around the BHs, from which en-
ergetic transients like gamma-ray bursts are generated
(Bodenheimer & Woosley 1983; Woosley 1993; Mac-
Fadyen & Woosley 1999; Kashiyama & Quataert 2015;
Kashiyama et al. 2018; see also Quataert et al. 2019).
For the slowly rotating case, which is considered to
be dominant, the collapsing star can still leave behind
a weak transient after BH formation. During the pro-
toneutron star phase before BH formation, neutrinos
carry away a significant fraction of the energy of the
core, around 10 per cent of its rest mass energy (e.g.,
O’Connor & Ott 2013). This results in a decrease in
the core’s gravitational mass, and generates a sound
pulse which can eventually steepen into a shock and un-
bind the outer envelope of the star upon shock breakout
(Nadezhin 1980; Lovegrove & Woosley 2013; Ferna´ndez
et al. 2018; Coughlin et al. 2018a,b).
This work investigates the detailed picture of the emis-
sion from mass ejection of blue supergiant (BSG) and
Wolf-Rayet (WR) progenitors that fail to explode. As
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Figure 1. Schematic figure of the emission we consider in this work. The ejecta created upon BH formation collides with the
CSM created from a mass eruption ∼ years before core-collapse. The kinetic energy of the ejecta is efficiently converted to
radiation, being observable as intermediate luminosity red transients. The fallback of the outer layers of the envelope may form
an accretion disk, that can be observable by X-rays 1–10 years after core-collapse.
shown in Figure 1, we consider in particular emission
from interaction between the ejecta and a dense circum-
stellar medium (CSM), which is commonly introduced to
explain Type IIn supernovae (e.g. Grasberg & Nadezhin
1986). In our case where the ejecta mass is expected
to be much lighter than normal supernovae, CSM in-
teraction is still and even more important to efficiently
convert the kinetic energy into radiation1.
In this work we find that the resulting emission is
similar to what has been classified as intermediate lu-
minosity red transients (ILRTs) observed in the previ-
ous decades (Kulkarni et al. 2007; Botticella et al. 2009;
Smith et al. 2009; Berger et al. 2009; Bond et al. 2009;
Cai et al. 2018; Jencson et al. 2019; Williams et al.
2020; Stritzinger et al. 2020). The origin of ILRTs is
not known, with several interpretations such as electron-
capture supernovae or luminous blue variable-like mass
eruptions. We propose an intriguing possibility that BH
formation of massive stars can explain at least a fraction,
if not all, of ILRTs.
This letter is constructed as follows. In Section 2 we
present the details of our emission model, and demon-
strate that an ILRT AT 2017be can be naturally ex-
plained with our model. In Section 3 we estimate the
detectability of these signals by present and future op-
tical surveys, and suggest ways to distinguish this from
other transients.
2. OUR EMISSION MODEL
1 For red supergiants CSM interaction is expected to play a mi-
nor role in powering emission; the ejecta mass is comparable to
normal supernovae and the energy released by hydrogen recom-
bination (∼ 1×1047 erg for a 4 M ejecta) is already comparable
to the ejecta’s kinetic energy (Ferna´ndez et al. 2018).
2.1. The Dense CSM
Past observations of Type IIn SNe found that the fi-
nal stages of a massive star’s life can be dramatic, with
mass loss rates of 10−4 – 1 M yr−1 (Kiewe et al. 2012;
Taddia et al. 2013). Such mass loss may be common
also for Type IIP supernovae (& 70%; Morozova et al.
2018), which comprises about half of all core-collapse
supernovae.
Although the detailed mass loss mechanism is un-
known, the huge mass loss implies energy injection much
exceeding the Eddington rate, or instantaneous injection
with timescales shorter than the dynamical timescale
at the outer envelope. This can occur in the late
stages of nuclear burning, as proposed in previous works
(Quataert & Shiode 2012; Moriya 2014; Smith & Ar-
nett 2014). Regardless of the precise mechanism, the
hydrostatic approximation breaks down in such cases,
and hydrodynamical calculations are required to obtain
a detailed picture of the CSM.
Kuriyama & Shigeyama (2020) studied the CSM re-
sulting from energy injection, for various progenitors
while being agnostic of the injection model. One of
the notable findings is that the inner part has a profile
of roughly ρ(r) ∝ r−1.5, shallower than the commonly
adopted wind profile (ρ(r) ∝ r−2). An example is shown
in Figure 2, where we plot the density profile of a BSG
erupting a mass of 0.02 M at 8.6 years before core-
collapse. Motivated by this, we assume the CSM profile
to be a power-law ρ(r) = qr−s, and take s = 1.5 as a
representative value. At even inner radii the profile may
become even shallower due to the gravitational pull from
the central star. However our assumption should not
severely affect the dynamics of CSM interaction (given
that the ejecta is heavier than the inner CSM), since the
mass of the CSM is concentrated at where s = 1.5.
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Figure 2. (Left panel): Example density profile at core-collapse of the unbound CSM erupted from a mass eruption 8.6 years
before core-collapse. For this calculation, energy of 3.0×1048 erg is injected in the base of the envelope for a timescale of 1.9×104
seconds, and the resulting total mass ejected is 1.9× 10−2 M. The density profile of the dense CSM follows roughly ρ ∝ r−1.5
until ≈ 5× 1015 cm, beyond which the density steeply declines. (Right panel): Ejecta density profile for the “BSG–0.3” (light
blue line, from hydrodynamic simulation) and “BSG–0.3–rad” (dark blue line, from radiation hydrodynamic simulation). We
use the data at 105 seconds after core-collapse, when the ejecta have become nearly homologous.
As neither the velocity nor mass-loss rate of the wind
is constant, the standard parametrization of using wind
velocity and mass loss rate is not appropriate. Instead,
we parametrize the dense CSM with its mass MCSM, and
time tCSM between its eruption and core-collapse. Since
the outer edge of the CSM is vouttCSM, where vout is the
velocity of the outer edge, the CSM mass is related to
q by q ≈ MCSM(3 − s)(vouttCSM)s−3/4pi. Because the
dense CSM is created from marginally bound part, vout
is of order the escape speed at the stellar surface. For
s = 1.5,
q ∼ 107 cgs
(
MCSM
10−2M
)(
vouttCSM
5× 1015 cm
)−1.5
. (1)
Kuriyama & Shigeyama (2020) finds for their BSG
and WR (their WR-1) models q ∼ 106–109 cgs and
vouttCSM ∼ 5× 1015 cm.
If the CSM is optically thick, the photospheric radius
where τ = 1 is at rph,CSM ≈ [κq/(s− 1)]1/(s−1), where
κ is the opacity, since the optical depth is given as a
function of radius by τ(r) ≈ κqr1−s/(s−1). For s = 1.5,
rph,CSM ∼ 2× 1013 cm
(
κ
0.2 cm2g−1
)2(
q
107 cgs
)2
.
(2)
2.2. Mass ejection upon BH formation
To follow the mass ejection at the BH formation
and the resulting ejecta density profile, we have con-
ducted hydrodynamical and radiation hydrodynamical
calculations. We use the same pre-collapse progenitor
model as Ferna´ndez et al. (2018). The hydrodynamical
and radiation hydrodynamical calculations were done by
Lagrangian codes developed in Ishii et al. (2018) and
Kuriyama & Shigeyama (2020) respectively. For both
of the codes we mimic the neutrino mass loss by reduc-
ing the gravitational mass in the core by δMG, which is
varied between the most conservative (∼ 0.2 M) and
most optimistic (∼ 0.4 M) cases adopted in Ferna´ndez
et al. (2018). The outer boundary of the computational
region is the progenitor’s surface, and the inner bound-
ary rin is set to be the radius where the free-fall timescale
is equal to the timescale of neutrino emission τν . This
is justified by the fact that for matter at r < rin, the
free-fall timescale is so short that it fails to react to
the gravitational loss by neutrino emission and is swal-
lowed by the BH, whereas the matter at r > rin has
enough time to react. We determine rin from the equa-
tion
√
r3in/GMr,in = τν , where G is the gravitational
constant and Mr,in is the enclosed mass within rin. Fol-
lowing Ferna´ndez et al. (2018), we set τν to 3 seconds.
We also follow Ferna´ndez et al. (2018) and include a
prescription to remove the innermost cells that fall onto
the core much faster than the local sound speed.
The adopted parameters and the resulting ejecta are
summarized in Table 1. We find that the ejecta’s prop-
erties are roughly consistent with results of Ferna´ndez
et al. (2018), with a double power law profile
ρ(r, t) =
{
t−3 [r/(gt)]−n (r/t > vt, outer ejecta),
t−3(vt/g)−n [r/(tvt)]
−δ
(r/t < vt, inner ejecta),
(3)
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Name Rcc Mcc Rin Min δMG Mej [M] Eej [erg] n
BSG–0.2 6.7× 1012 11.7 1.7× 109 3.9 0.2 0.076 4.0× 1047 10
BSG–0.3 0.3 0.11 1.1× 1048 10
BSG–0.4 0.4 0.16 2.2× 1048 10
BSG–0.3–rad 0.3 0.096 6.0× 1047 7
WR–0.3 2.9× 1010 10.3 2.2× 109 8.9 0.3 4.0× 10−4 1.9× 1046 10
Table 1. Summary of the pre-supernova models and the resulting ejecta properties obtained from the simulations. The radius
and mass at core-collapse are Rcc and Mcc respectively. The inner boundary radius Rin and the enclosed mass Mr,in are set at
where the gravitational timescale is approximately equal to the neutrino emission timescale. δMG is the gravitational mass loss
by neutrinos. The last three columns, Mej, Eej, n are the ejecta mass, energy, and power-law index of the density profile of the
outer ejecta respectively.
where g and vt are given by the ejecta mass Mej and
energy Eej as
g=
{
1
4pi(n− δ)
[2(5− δ)(n− 5)Eej](n−3)/2
[(3− δ)(n− 3)Mej](n−5)/2
}1/n
, (4)
vt=
[
2(5− δ)(n− 5)Eej
(3− δ)(n− 3)Mej
]1/2
. (5)
To illustrate the difference of the two simulations, we
plot the ejecta density profile for the “BSG–0.3” and
“BSG–0.3–rad” models in the right panel of Figure 2. A
notable point is that we overall find from the hydrody-
namical simulations n ≈ 10 (consistent with that of suc-
cessful supernovae; Matzner & McKee 1999), but from
radiation hydrodynamical simulations (“BSG–0.3–rad”
model) we find n ≈ 7, and truncation of the outer ejecta
for v > 2500 km s−1. This is due to the leaking of radi-
ation incorporated in the “BSG–0.3–rad” model, which
prevents the radiative shock from pushing the ejecta to
highest velocities upon shock breakout. Due to the trun-
cation at the transition region between the inner and
outer ejecta, a shallower profile of the outer ejecta is ob-
tained. We thus adopt n = 7 as a representative value,
although stronger shocks may realize a larger n close to
the adiabatic case n ≈ 10.
2.3. Emission from Ejecta-CSM Interaction
The collision of these ejecta and the CSM creates for-
ward and reverse shocks that heat the ambient mat-
ter and generate photons via free-free emission in the
shocked region. When it is the outer ejecta component
(of r/t > vt) that pushes the shocked region, the dynam-
ics of the shock can be obtained from self-similar solu-
tions (Chevalier 1982). The self-similar solution con-
siders collision between a homologous ejecta of profile
ρ(r, t) = t−3(r/gt)−n, and CSM of profile ρ(r) = qr−s
whose velocity is assumed to be negligible compared to
the ejecta. The radius and the velocity of the contact
discontinuity are obtained as
rsh(t) = (αg
n/q)
1/(n−s)
t(n−3)/(n−s), (6)
vsh(t) = (n− 3)/(n− s) · rsh/t, (7)
where α is a constant determined by n, s, and the adi-
abatic index γ assumed to be constant of r and t.
At each shock’s rest frame, kinetic energy of matter
crossing the shock becomes dissipated, with some frac-
tion  converted to radiation. As the two shocks propa-
gate outwards, the free-free emissivity by shock-heated
matter is reduced. Thus at early phases when enough
photons can be supplied  ∼ 1, while at later phases
 should drop with time. The boundary is different for
the two shocks, as the densities in the two shocks’ down-
streams are usually much different (Chevalier 1982).
An analytical model of the bolometric light curve in-
corporating this time-evolving efficiency but neglecting
photon diffusion was developed in Tsuna et al. (2019).
The bolometric light curve is a sum of two broken power-
laws (corresponding to two shocks), with indices given
by n and s as
Lbol ∝
{
t(−ns+2n+6s−15)/(n−s) ( ∼ 1),
t(−2ns+3n+8s−15)/(n−s) ( < 1),
(8)
where the difference comes from the time dependence of
 ∝ t(−ns+n+2s)/(n−s) when  < 1. We refer to Tsuna
et al. (2019) for the full derivation of this luminosity.
Using this model we obtain the bolometric light curves
for various parameter sets of the ejecta and CSM, as
shown in the top panels of Fig 3. Here we follow Tsuna
et al. (2019) and set δ = 1 and γ = 1.2. We define
“BSG-ExMytznvsw” as a BSG model with Eej = 10
x
erg, MCSM = 10
y M, tCSM = z yr, n = v, s = w, and
similarly for WR models. The value of q is obtained from
equation 1, where we adopt vout = 10
2 km s−1 for BSG
progenitors and vout = 10
3 km s−1 for WR progenitors.
We also fix the ejecta mass and adopt Mej = 0.1 M
for BSGs and Mej = 10
−3 M for WRs. We obtain
the mean mass per particle µ using the pre-supernova
surface abundance listed in Ferna´ndez et al. (2018), and
set µ = 0.846 for BSGs and µ = 1.84 for WRs.
For early times when rsh < rph,CSM, photons from
the shocked region diffuse through the CSM with a
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Figure 3. Results of the light curve using our semi-analytical model. The light curve extends until when either the reverse
shock reaches the inner ejecta (i.e. vsh = vt), or the shock reaches radius vouttCSM. The range shown as dashed lines are where
diffusion can be important, which would modify the shape of the light curve from a simple power law.
timescale
tdiff ∼
∫ rph,CSM
Rcc
dr
τ(r)
c
. (9)
where Rcc is the progenitor radius at core-collapse. The
shock will reach rph,CSM at time
tph ∼
(
αgn
q
)−1/(n−3)(
κq
s− 1
)(n−s)/[(s−1)(n−3)]
. (10)
We can rely on the analytical model only for t &
min(tdiff , tph) as it neglects diffusion. The regime where
t < min(tdiff , tph) is plotted in Fig 3 as dashed lines.
As the hydrogen mass fraction is reduced from so-
lar abundance for these progenitors, we assume κ =
0.2 cm2 g−1. The border is found to be < day
for our fiducial BSG (BSG:E48M-2t10n7s1.5) and WR
(WR:E47M-2t1n7s1.5) cases.
We crudely estimate the temperature of the emis-
sion. For t < tph, the effective temperature is Teff ∼
[Lbol/(4pir
2
ph,CSMσSB)]
1/4, where σSB is the Stefan-
Boltzmann constant. For t > tph, assuming the opacity
is high enough to keep the photosphere in the shocked
region, Teff ∼ [Lbol/(4pir2shσSB)]1/4. We show the evo-
lution of the temperature obtained by this formalism in
the bottom panels of Fig 3. We note that one cannot
rely on the assumption κ = 0.2 cm2 g−1 at late phases
when Teff  5000 K, since hydrogen starts to recombine
and make the shocked region optically thin. Afterwards
the spectrum for the late phase should deviate from a
thermal one, and instead depend on the emission spec-
trum from the shocked region.
For the fiducial BSG:E48M-2t10n7s1.5 case, the lumi-
nosity and temperature are obtained as follows, scaling
with energy and time as
Lbol∼1× 1040 erg s−1
(
Eej
1048 erg
)14/11(
t
10 days
)−5/11
(11)
Teff ∼4× 103 K
(
Eej
1048 erg
)3/22(
t
10 days
)−21/44
. (12)
The dependence of the temperature on the CSM pa-
rameters is not simple, as there can be a change in the
power-law index at around 10 days. Despite uncertain-
ties in the precise temperature and spectrum, we find
that the features (timescale of 10–100 days, luminosity
∼ 1040 erg s−1, temperature ∼ 5× 103 K at 10 days for
our fiducial model) are similar to ILRTs.
The power-law feature of the CSM interaction and the
resultant light curve is valid until either (i) the reverse
shock reaches the inner ejecta, or (ii) the forward shock
reaches the outer edge of the dense CSM. If either oc-
curs, the dissipated kinetic energy and/or the radiation
conversion efficiency drops, resulting in a sudden cutoff
in the light curve. Case (i) occurs when vsh ≈ vt, at
tcore ≈
[√
2(5− δ)(n− 5)(n− s)2Eej
(3− δ)(n− 3)3Mej
(
αgn
q
)−1/(n−s)]n−ss−3
(13)
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For the fiducial BSG:E48M-2t10n7s1.5 model (and γ =
1.2),
tcore ∼ 250 days
(
Eej
1048 erg
)−1/2(
MCSM
10−2M
)−2/3(
tCSM
10 yr
)
.
(14)
Case (ii) occurs when rsh = rout, at
tout ∼ (αgn/q)−1/(n−3) r(n−s)/(n−3)out (15)
For the fiducial BSG:E48M-2t10n7s1.5 model,
tout ∼ 270 days
(
Eej
1048 erg
)−1/2(
MCSM
10−2M
)1/4(
tCSM
10 yr
)
.
(16)
The two timescales show a linear dependence on tCSM.
A constraint on tCSM may give us some information on
the progenitor’s activity just before core-collapse.
2.4. Comparison with Observed ILRTs
Intriguingly, we may have already detected these
events as ILRTs. We attempt to explain the observa-
tions of an ILRT AT 2017be by our model with a BSG
progenitor.
AT 2017be was first discovered by the Lick Observa-
tory Supernova Search, and follow-up observations de-
tected Hα emission lines, indicative of CSM interaction
(Adams et al. 2018). Non-detection of the progenitor
star from follow-up deep imaging, despite its proxim-
ity of ∼ 8 Mpc, disfavors a luminous blue variable as a
progenitor. From this and the relatively low luminos-
ity of a few ×1040 erg s−1, Cai et al. (2018) claimed
that the transient is likely to be an electron-capture
supernova (ECSN). However, light curves from ECSN
are predicted to have a plateau phase much brighter (of
∼ 1042 erg s−1) lasting for 60-100 days (e.g. Tominaga
et al. 2013; Moriya et al. 2014), powered by hydrogen
recombination in the ejecta. We propose that a failed
supernova, which has a much weaker explosion than
ECSN, can reproduce the observations of AT 2017be.
We consider ejecta of mass 0.1 M, energy 5.3× 1047
erg, and n = 7 colliding with CSM profile of s = 1.5.
We set q = 1.2× 108 cgs, corresponding to MCSM of
MCSM ∼ 1.6× 10−2 M
(
vouttCSM
1015cm
)3/2
(17)
Figure 4 shows the calculated light curve, with a com-
parison between the luminosity obtained in Cai et al.
(2018) from the ’hot component’ of their two-component
SED fit2. The solid black line is from the aforementioned
2 The explosion date is assumed to be 15 days before the observed
r-band peak (Cai et al. 2018).
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Figure 4. Fit of our failed BSG model to the luminosity
evolution of the hot component of the optical transient AT
2017be. The solid line is from the semi-analytical model.
The dashed line is obtained from the numerical light curve
model in Tsuna et al. (2019). The power-law indices n = 7
and s = 1.5, matches AT 2017be better than other sets of
n and s in the plot (assuming a time independent ) which
predict different power law decays.
analytical model, and the dashed black line is obtained
from a numerical model also introduced in Tsuna et al.
(2019) that takes into account diffusion. The numerical
curve is just meant to be a demonstration of the valid-
ity of the analytical model. The exact luminosity and
timescale at peak is questionable due to the likely ab-
sence of the fastest component in the ejecta (see Section
2.2), which is not taken into account in the simulation.
Nonetheless the late phases of the light curve that we
compare here should be robust.
We find that the power-law feature of the observed
light curve is naturally reproduced by our model which
predicts profiles of n = 7 and s = 1.5, while other power-
law curves based on different ejecta and CSM profiles
do not. The best-fit values of n and s matching with
what we expect a priori may give further support to
our model.
The observed light curve shows a cutoff from ∼ 100
days. We test if this cutoff can also be explained by
our model. Plugging in the values we assumed for the
ejecta and CSM into equations 13 and 15, we find tcore ∼
80 days and tout ∼ 130 days
(
vouttCSM/10
15cm
)11/8
.
Thus we can explain the cutoff at around 100 days if
vouttCSM & 1015 cm. This constraint and vout of or-
der 100 km s−1 implies that the mass eruption occurred
around years before core-collapse. This timescale is con-
sistent with mass-loss mechanisms proposed to occur
during the final stages of massive star evolution.
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In fact, if this mass eruption was due to energy in-
jection from the interior of the star, the eruption it-
self might have been luminous, with peak luminosity of
1040–1041 erg s−1 (Kuriyama & Shigeyama 2020). This
may have been detectable, as was the case for outbursts
observed a few years before the terminal explosion in e.g.
SN 2006jc (Pastorello et al. 2007) and 2009ip (Mauer-
han et al. 2013). Unfortunately pre-explosion images
for AT 2017be are insufficient to test this or identify the
progenitor star.
We compare our model to other ILRTs whose bolo-
metric light curves were available, namely SN 2008S
(Botticella et al. 2009) and AT 2019abn (Williams et al.
2020). For SN 2008S, the bolometric light curve has
a steep exponential fall after peak, which is hard to re-
produce with our scenario. Also a late-time decay in the
light curve consistent with 56Co decay is seen, which fur-
ther disfavors a failed supernova (albeit the low derived
56Ni mass of 1.4× 10−3 M).
The bolometric light curve of AT 2019abn shows a
shallow decay until ∼ 50 days since discovery, followed
by a nearly exponential cutoff. The early part can be
fit by a power-law, but the index (∝ t−0.2–t−0.3, con-
sidering the uncertainty on the explosion epoch) is shal-
lower than the index predicted from n = 7 and s = 1.5
(∝ t−0.45). This can be reconciled by adopting a shal-
lower s of 0.3–0.9, or steeper n of 8–9. The latter re-
quires a stronger explosion to preserve the faster part
of the ejecta. Qualitatively, this may also explain AT
2019abn having an order of magnitude higher luminos-
ity than AT 2017be.
3. DISCUSSIONS
We estimate the rate of these BH-forming events oc-
curing in the nearby universe. If we use the local
(successful) core-collapse supernova rate RSN ∼ 7 ×
10−5 Mpc−3 yr−1 (Li et al. 2011), the all-sky event rate
R of failed supernovae within a distance d is
R = f × 4pi
3
d3RSN ∼ 0.8 yr−1
(
f
0.1
)(
d
30 Mpc
)3
,(18)
where f is the fraction of failed BSG/WR explosions
among all core-collapse.
Overall, the signal has luminosity of order 1040 erg s−1
and time scale of order 10 days. For a blackbody emis-
sion of 5000 K and luminosity 1040 erg s−1, the AB mag-
nitude in the V and R bands are ≈ −11 mag. The
Zwicky Transient Facility (ZTF; Bellm et al. 2019) and
the Legacy Survey of Space and Time (LSST; Ivezic
et al. 2008), with its survey having a sensitivity of 21
and 25 mag in these bands and cadence of 3 days, can
in principle observe these transients out to ∼ 25 Mpc
and ∼ 100 Mpc respectively.
Once a failed supernova candidate is found, it is im-
portant to distinguish this from other origins. A smok-
ing gun may be the identification of the progenitor from
archival data, as was done using archival Hubble Space
Telescope images in Gerke et al. (2015). This may be
possible if the source is out to . 30 Mpc (Smartt 2009).
Another smoking gun may be X-ray emission, if a frac-
tion of the outer envelope falls back to the BH with suf-
ficient angular momentum to create an accretion disk.
Ferna´ndez et al. (2018) claims from simple estimates
that this can occur for the outer envelope of BSG and
WR progenitors. Failed supernovae from these progen-
itors not only have large fallback rate but also small
ejecta mass, making them suitable targets for X-raying
newborn BHs. By extrapolating the fall-back rate ob-
tianed by Ferna´ndez et al. (2018) with the standard
M˙ ∝ t−5/3 law, we find that the accretion rate persists
above the Eddington rate of a 10M BH for 30 years
for BSGs and 1 year for WRs3. For an X-ray emission
of Eddington luminosity from a 10M BH, the flux is
FX ∼ 1 × 10−14 erg s−1(d/30 Mpc)−2, which is within
reach for current X-ray telescopes once the ejecta be-
come transparent to X-rays. The opacity to soft X-rays
is mainly controlled by the photoelectric absorption by
oxygen, whose cross section is ∼ 10−19 cm2 at 1 keV for
electrons in the K-shell. The oxygen column density of
the ejecta is roughly
NO∼ XOMej/16mp
4pi(vejt)2
∼1021 cm−2
(
XO
0.01
)(
Mej
0.1M
)( vej
103km s−1
)−2( t
yr
)−2
.(19)
The oxygen mass fraction XO is ∼ 0.01 for BSGs
which roughly follow the solar abundance, but higher
(∼ 0.1) for WR stars. For BSG (WR) ejecta of
Mej ∼ 0.1M, vej ∼ 103 km s−1 (Mej ∼ 10−3M, vej ∼
3 × 103 km s−1), NO becomes ∼ 1019 cm−2 at 10 (1)
years, and afterwards the ejecta are transparent to X-
rays. We thus encourage X-ray follow-up observations
of ILRTs detected in the past decades, including AT
2017be.
After the BH has consumed all of the fallback mate-
rial, it may further radiate in X-rays and radio by accre-
tion from the interstellar medium. Although emission in
the quiescent phase (Agol & Kamionkowski 2002; Tsuna
et al. 2018; Tsuna & Kawanaka 2019) is probably only
detectable for BHs within our Galaxy, instabilities in
the accretion disk may trigger an X-ray nova like tran-
3 The accretion is from the bound ejecta, as this timescale far
exceeds the envelope’s free-fall time. We note that marginally
bound ejecta can naturally exist in this kind of weak explosion.
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sient (Matsumoto et al. 2018) that may be detectable at
extragalactic distances.
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